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In t roduc t ion  

Al though coal i s  o f ten  considered t o  b e  s imply  a n  organic  rock,  most coals 
contain appreciable quant i t ies  o f  inorganic  materials. With t h e  resurgence o f  
in te res t  in coal u t i l izat ion and conversion processes in recent  years has come an 
increased appreciat ion f o r  t h e  need t o  unders tand b o t h  t h e  mineralogical character- 
ist ics and t h e  chemical behavior of t h e  inorganic  const i tuents  o f  coal. T h e  recent 
coal l i t e ra tu re  contains numerous discussions o f  t h e  importance o f  knowing t h e  
character, d is t r ibu t ion ,  and behavior o f  t h e  inorganic  species; these discussions 
span the whole spectrum o f  coal technology--  p repara t ion  and storage, combustion, 
l iquefaction, gasif icat ion, and environmental studies. 

T h i s  paper discusses resu l ts  o f  labora tory  s tud ies o n  t h e  characterization of 
inorganic  const i tuents  in low-rank coals a n d  o n  elucidation o f  t h e  ro le  o f  these 
const i tuents  in combustion a n d  conversion processes. T h e  laboratory  studies were 
undertaken in suppor t  o f  p i l o t  p l a n t  act iv i t ies  a t  t h e  Grand Forks  Energy 
Technology Center (GFETC) o f  t h e  U.S. Department o f  Energy .  Engineering and 
process-related detai ls o f  t h e  var ious pro jects  have appeared in prev ious  publ i -  
cations, which are  noted in t h e  reference section. 

Inorganic  Const i tuents  in L ign i te  

Samples f rom t w o  major l i gn i te  mines in western N o r t h  Dakota were obtained 
(4)  a n d  s tud ied  by polarized light microscopy, x - r a y  d i f f rac t i on ,  scanning electron 
microscopy, a n d  e lect ron microprobe analysis. T h e  in i t ia l  resu l ts  o f  t h e  laboratory  
studies of  these two samples show t h a t  t h e  inorganic  const i tuents  occur  as minerals 
o r  combined w i th  organic  substances; a r e  closely re la ted in o r i g i n  to  t h e  
overburden a n d  underclay;  and i l l us t ra te  p a r t  o f  a complex series o f  events in t h e  
geochemical evolut ion o f  t h e  l ign i tes.  While t h e  systematic var ia t ions tha t  are 
presented are  bel ieved t o  b e  s ign i f icant ,  t h e y  a r e  n o t  claimed t o  b e  necessarily 
representat ive a t  t h i s  po in t  in t h e  s t u d y .  

The abundant l i gn i te  in Nor th  Dakota - i s  contained in t h e  u p p e r  p a r t  of the  
For t  Union g r o u p  w i th in  t h e  Bul l ion Creek formation and t h e  o v e r l y i n g  Sentinel 
B u t t e  formation. Recent summaries o f  t h e  general geology o f  t h e  l ignite-bearing 
rocks in western N o r t h  Dakota are  avai lable (1-3). 

Lignite, l i gn i te  overburden,  a n d  underc lay  were col lected f rom measured, 
ver t ica l  sections o n  t h e  h ighwal ls  a t  t h e  South Beulah mine, Beulah, and the  
Baukol-Noonan mine, Center (4). B o t h  mines produce l ign i tes f r o m  t h e  Sentinel 
B u t t e  Formation w i t h  major p roduc t ion  f rom t h e  3.8 m Beulah-Zap bed a t  South 
Beulah and t h e  3.5 m Hagel bed a t  Baukol-Noonan. Inorganic  const i tuents  in the  
two l ign i tes a r e  similar and conta in  de t r i t a l  and auth igenic  minerals, l isted in 
Table 1 and i l l us t ra ted  in F igure  1, as well  as organica l ly  bound materials. The 
b u l k  chemistry of overburden,  l ignite, and i inderc lsy  has been obtained by a rap id  
microprobe method. 
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A t  t h e  South Beulah mine, f o u r  samples o f  overburden above t h e  Beulah-Zap 
b e d  consist la rge ly  o f  c layey s i l t  g rad ing  downward  t o  organic- r ich clay. I l l i te, 
quar tz ,  and montmori l lonite a re  t h e  major minerals and kaol inite, chlori te, plagio- 
clase, and mica a r e  present  in lesser amounts. Calc i te  is present in t h e  uppermost 
sample while dolomite occurs in t h e  o ther  t h r e e  samples; b o t h  decrease in abundance 
downwards. T h e  Beulah underc lay  conta ins major i l l i te ,  kaol inite, and q u a r t z  and 
lesser montmori l lonite and calcite. 

TABLE 1. - Minerals Identified i n  Two North Dakota Lignites 

Common (in approximate 
order of abundance) 

Kaolinite 
Quartz 
Pyrite 
Gypsum 
Calcite 
Hematite 
Na Plagioclase 
Alkali Feldspar? 
Chlorite? 
Hornblende 
Augite? 
Illite? 
Biotite? 

Rare or uncertain 

Montmorillonite? 
Dolomite? 
Barite 
Ens ta t ite 
Corundum 
Ca, Mg Aluminosilicate? 
Ca, Na Aluminosilicate? 

T h e  twelve samples o f  overburden and t h e  sample of underclay f r o m  the  
Baukol-Noonan mine a r e  mineralogical ly similar t o  t h e  Beulah samples. T h e  lower 
p a r t  o f  t h e  overburden is  s i l t y  sand and t h e  u p p e r  par t ,  clays and s i l t y  clays. 
Overa l l  montmori l lonite i s  somewhat less abundant t h a n  a t  Beulah but i s  h igh ly  
variable. 

T h e  mineralogical and chemical studies combined w i t h  t h e  observat ion tha t  
l ignites a re  aqui fers  suggest t h a t  hydrogeochemical processes have s t rong ly  affected 
t h e  sodium and calcium d is t r ibu t ion  by removal o f  calcium by dissolut ion of  
carbonate minerals in t h e  lower p a r t  o f  t h e  overburden,  concentrat ion o f  sodium and 
calcium in t h e  centra l  p a r t s  of t h e  l i gn i te  seams, and increase in t h e  CaO/Na 0 
ra t i o  in t h e  u p p e r  p a r t s  o f  t h e  l ign i te  seams (5). Groundwater processes a&o 
appear t o  be a major fac to r  in ox idat ion and reduc t ion  reactions as suggested by 
su l f ide and su l fa te d i s t r i b u t i o n  in f r a c t u r e  zones a t  t h e  Baukol-Noonan mine (6). 
Pyr i te  development in f rac tu res  followed by g r o w t h  o f  small gypsum crys ta ls  o n  the  
p y r i t e  (F igure  1) indicates t h a t  groundwater car r ied  a n d  deposited i r o n  and su l fu r  
under  reducing condit ions, and car r ied  and deposited calcium a t  a la ter  stage under  
ox id iz ing condit ions. 

T h e  or ig ina l  de t r i t a l  minerals and organica l ly  bound inorganic  const i tuents  in 
l ign i te  have been s t r o n g l y  affected by hydrogeochemical processes in the  deposi- 
tional and post-deposit ional h i s t o r y  o f  l i gn i te  and t h e  associated sediments. 
C u r r e n t  laboratory  s tud ies emphasize cataloging a n d  character izat ion o f  inorganic  
const i tuents  in l ignite; establ ishment o f  mineralogical and chemical d is t r ibu t ion  
pat terns in overburden,  l ign i te ,  and underclay;  and evaluation o f  t h e  geochemical 
h is to ry  o f  t h e  l ign i te-bear ing sediments. 
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Figure 1. Scanning electron microscope photographs of  inorganic constituents 
in lignite-bearing strata. 
A.  Detrital quartz (?) in ion-etched Beulah lignite. 
B. Secondary pyrite with gypsum crystals on surface from fdcture zone in 

C. Secondary barite in fracture zone in Baukol-Noonan lignite. 
D. Montmorillonite in overburden at Beulah mine. 1400X. 

Sentinel Butte Formation, North Dakota. 
1540X. 

Baukol-Noonan lignite. 770X. 
270X. 
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Gasification 

T h e  inorganic const i tuents of l ign i te  can have several ef fects in gasification 
Processes. Numerous art ic les have appeared in the  recent  l i t e ra tu re  descr ib ing t h e  
catalysis of gasification reactions b y  var ious  inorganic species. Studies a t  GFETC 
have focused on  t h e  development o f  an unders tand ing  o f  t h e  relat ionship between 
coal ash slag composition and viscosi ty.  These studies have been done in  suppor t  
Of t he  s lagging f i xed-bed gasification p i l o t  p lan t  a t  GFETC. Details o f  t h e  pi lot  
Plant p ro jec t  have been g iven in a series o f  publ icat ions,  most recent ly b y  Ellman 
and co-workers (7). Maintaining slag v iscosi ty low enough t o  allow continuous 
discharge from t h e  gasi f ier  i s  c ruc ia l  t o  successful operation. 

D i rec t  measurement o f  slag v iscosi ty i s  a demanding operation, and few 
laboratories are equipped w i th  sui table h igh- tempera ture  viscometers. Therefore 
the  development o f  p red ic t i ve  o r  correlat ive techniques f o r  re la t ing  v iscosi ty t o  
composition is an important component o f  gasi f icat ion research. A previous 
publ icat ion (8) has demonstrated tha t  it is possible to  develop empirical equations 
which g i ve  a good fit o f  experimental v iscosi ty data p rov ided t h a t  t he  equations are 
developed for, and the i r  use res t r i c ted  to, slags of  a g iven  petrographic 
classification. 

T h e  pe t rograph ic  normat ive calculation (9) i s  a formation used to  calculate a 
set of standard,  o r  normative, mineral species, wh ich  t h e n  establishes t h e  types  of 
sil icate s t ruc tu res  to  b e  expected i n  t h e  slag. T h e  degree o f  polymerization of 
sil icate species has an important ro le  in determining v iscos i ty  behavior (IO). 

T h e  transformat ions invo lved in the  formation o f  slag f rom the  inorganic 
species in the  coal have been par t ia l l y  elucidated in laboratory studies o f  char  and 
slag samples obtained from the  gasi f ier  hear th  a f te r  a tes t  had been ended and the 
bed contents quenched. T h e  data presented here  were obtained from samples 
collected from a 1.4 MPa tes t  w i th  Indian Head l igni te.  Process data from th i s  test, 
number RA-12, have been publ ished (11). 

Discreet slag part ic les were found in samples collected 0.9 m above t h e  bottom 
o f  the  bed. and 53% S i 0  . 
T h i s  composition l ies in the  nepheline region o f  t he  &a 0 - A I  0 2-S%2 t e r n a r y  (I.$) 
and has a melting po in t  o f  approximately 1200OC. Thi< is $o?sistent w i th  typical  
temperatures of  about 126OOC observed 1.2 m above the  hear th  bottom. Samples 
collected a t  0.3 and 0.6 m were complex mix tu res  o f  sil icates and sulfates. Total 
melt ing occur red  in t h e  bottom-most 0.3 m of t h e  bed, where temperatures 
exceeding 1700°C have been observed. Some slag components a r e  volati l ized in t h i s  
region, par t i cu la r ly  s u l f u r  (approximately 80% i s  lost), sodium and potassium 
(30-35%), and phosphorus (25%). Smaller amounts o f  magnesium, calcium, and 
sil icon are  also volat i l ized. 

T h e  composition a t  t h i s  po in t  was 22% Na 0, 24% AI  0 

A t  0.1 to  0.3 m above the  hear th  bottom some reduc t ion  o f  i r o n  compounds to 
metallic i r o n  occurs.  Normally t he  i ron  metal d ra ins  w i th  t h e  slag and does not 
appear to  in te r fe re  w i th  slag f low. However, formation of  i r o n  metal removes a 
potential source of  FeO, which is considered to  b e  an excel lent  slag f l u x .  

T h e  viscosi ty behavior of t he  slag w i th  temperature wi l l  b e  determined b y  i t s  
composition; specifically, b y  the  relat ive amounts o f  polymer-forming const i tuents 
such as S i02  and A1203,and o f  polymer-breaking species such as Na 0 o r  CaO. 
The slag composition IS in turn determined b y  two fac to rs .  T h e  comJosition and 
na ture  o f  t he  inorganic const i tuents in the  l ign i te  feed broad ly  determines t h e  
relat ionships between polymer formers and polymer breakers.  The thermal and 
chemical environment established by the  gasification and combustion reactions in t h e  
gasi f ier  hear th  t h e n  " f ine tune"  t h e  slag composition t h r o u g h  such processes as 
volati l ization of  SO3 and Na20 and reduct ion o f  Fe203 to  FeO o r  metal. 
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Liquefaction 

T h e  p r o d u c t  d i s t r i bu t i on  f rom coal l iquefact ion wi l l  v a r y  between a heavy 
dist i l late,  a l i g h t  oil, and a gas depending on the  ex ten t  and method o f  treatment of  
t he  intermediate p roduc ts .  T h e  catalyt ic e f fec t  o f  na tura l l y  occur r ing  inorganic 
species and minerals on  t h e  conversion and p r o d u c t  y ie ld  i s  being investigated 
extensively w i th  Eastern coals and also w i th  low- rank  Western subbituminous and 
l i gn i t i c  coals. I n  general cer ta in  inorganic const i tuents of  Eastern coals have shown 
a sel f -catalyzing e f fec t  on the  l iquefact ion y ie ld.  H igh  yields have been achieved 
b y  adding py r i t e ,  magneti te p lus  py r i t e ,  s u l f u r  p lus  magnetite, and coal ash plus 
s u l f u r  t o  coals which i n i t i a l l y  gave a low yield.  

T h e  l igni tes in t h e  N o r t h e r n  Great Plains a re  dist inguished from the  higher 
r a n k  coals b y  hav ing  high moisture, lower su l fu r ,  and high inherent  ash content. 
Most of  the alkal i  and alkaline ea r th  cations ex is t  as humic acid o r  phenolic salts. 
These cations are ion exchangable and are un i fo rmly  d i s t r i bu ted  t h r o u g h o u t  a coal 
par t i c le .  T h e  major i t y  o f  t he  extraneous ash exists as small par t i c les  of  quartz, 
py r i t e ,  hematite, and clay.  In addi t ion l igni tes have a large amount o f  oxygen- 
containing funct ional  g roups .  These proper t ies  a f fec t  t he  l iquefact ion behavior of  
l ign i te  i n  terms o f  reac t iv i t y ,  p r o d u c t  qua l i t y ,  p r o d u c t  y ie ld,  catalyst  l i fe, and 
solid residue. 

T h e  role of  these un ique proper t ies  of  l ign i te  in l iquefact ion i s  being 
invest igated in a program a t  GFETC which seeks to  develop a chemical and 
engineer ing data base f o r  l iquefact ion of  l igni tes and subbituminous coals. The 
programmatic background and process engineer ing resu l ts  have been presented in a 
recent  paper by Willson and co-workers  (13). 

Some of t h e  parameters be ing  studied w i th  t h e  batch autoclave and continuous 
process unit a t  GFETC are  temperature, pressure,  residence time, s l u r r y  coal 
concentrate recycle, solvents, and mineral ef fects.  Extensive research on the  
effects of ind iv idua l  minerals on  t h e  p r o d u c t  y ie ld  has no t  been performed t h u s  f a r .  
However, a s ign i f i can t  increase in t h e  overal l  p r o d u c t  y ie ld  was observed when the  
reaction solids were recycled in the  continuous unit. In a recent run using a 
l ign i te  from t h e  Beulah mine in Mercer County,  ND, a deposit formed in the  feed 
s l u r r y  and was analyzed f o r  possible minerals and inorganics us ing  a polar iz ing 
light microscope and a scanning electron microscope (SEM). Calcium carbonate was 
in i t ia l ly  suspected as a main ingred ien t  in the  deposit. However, quar tz  was the  
on ly  mineral iden t i f ied  in the produc t .  A n  elemental analysis of  t h e  b u l k  p roduc t  
us ing  the  SEM resul ted in a composition no t  un l i ke  t h a t  o f  t he  ash in the  or ig inal  
coal. Analysis f o r  calcium by atomic absorpt ion also showed no preferent ia l  bu i ldup 
Of calcium. Thermogravimetr ic analysis indicated t h e  presence o f  some carbonates 
b u t  n o  par t i cu la r  cation could be associated w i th  t h e  carbonate. Other  workers in 
liquefaction have repor ted  calcium carbonate deposits when us ing  l igni tes b u t  thus 
fa r  n o  major accumulations have been observed a t  GFETC. T h e  implications of a 
low-level carbonate b u i l d u p  us ing  l ign i tes  should be fewer shut  downs caused b y  
carbonate plugging. 

Combustion 

Ash foul ing--  t he  b u i l d u p  of ash deposits on walls and heat exchange surfaces 
of boi lers--  i s  a major problem associated w i th  the  use of  l ign i te .  The causative 
effects of sodium content in the  fou l ing  behavior of  low-rank coals has been dis-  
cussed in p rev ious  publ icat ions (14-15). Some o f  the  c u r r e n t  labora tory  research 
a t  GFETC re la t ing  to  ash fou l ing  involves t h e  chemical and physical  characterization 
of ash deposits t o  develop a be t te r  unders tand ing  of  the  mechanisms involved in 
deposi t  formation and t o  pred ic t  fue l  add i t i ves  t o  control  fou l ing .  

A typical  p ro f i le  o f  an ash deposi t  formed in the  34 kg/hr, PC- f i red  p i lo t  p lant  
combustor a t  GFETC i s  shown in F igure  2 (16). T h e  deposit was collected on an 
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air-cooled probe maintained a t  54OOC. X - r a y  d i f f rac t ion  studies have shown that 
sulfates, mainly Na2S04 and CaSO predominate near the  probe ,and in t h e  inner 
s in te r  layer.  T h e  sulfates are  preqent on the  surfaces o f  t he  ash part ic les and in 
the  i nne r  whi te layer immediately s u r r o u n d i n g  the  probe. T h e  melt and reaction of  
these surface sulfates to form an intermediate Na Ca(S0 ) eutect ic has been 
proposed (18,19). F igure  3 i l l us t ra tes  the  particle-to-$articlc? &onding which occurs 
upon the  melt and react ion o f  t he  var ious  sul fates (16). 

A second mechanism invo lv ing  sodium has been observed: t he  i i u x i n g  action 
of  sodium w i th  aluminosil icate (presumably kaol in i t ic  c lay) mineral assemblages. 
Volati l ized sodium i s  believed t o  react w i th  kaolin part ic les in the  combustion zone 
t o  fo rm low-melting (900-llOO°C) sodium aluminum sil icate compounds. These 
species react w i th  + y e  qy l ten  sul fates in the  deposit t o  form complex melilites 
(Na,Ca,K) [(Mg,Fe ,Fe ,Al,Si) 0 1 .  X - r a y  d i f f rac t ion  studies o f  deposits from 
the  GFETZ combustor have s h o w 2  thzt melil i te formation increases as the  distance 
from the  probe increases (16). 

T h e  physical  s t r e n g t h  o f  t he  deposi ts has been observed t o  increase as a 
resu l t  of cont inued exposure to  SO and SO3 a t  h i g h  temperatures. This 
phenomenon is re fe r red  to  as t h e  sulfa?ing process. X s r a y  d i f f rac t ion  analysis o f  
deposits obtained f rom the  Hoot Lake Power Company, Fergus Falls, Minnesota, has 
shown tha t  more a n h y d r i t e  was present  than melil i tes. 

Fouling problems in f lu id ized  bed combustors are no t  expected to  be as severe 
due t o  the  lower combustion temperatures in FBC's (70O-95O0C) compared w i t h  
PC- f i red  o r  cyclone combustors (165OOC). Scanning electron microscope studies 
have been made of  bed agglomerates f r o m  t h e  GFETC p i l o t  p lan t  FBC from a test  
b u r n i n g  Beulah l ign i te  w i th  AI O3 bed material, and from t h e  p i l o t  scale FBC of 
F lu idyne Engineer ing Corporat i& of Minneapolis, b u r n i n g  Ind ian  Head l ign i te  wi th 
an S i02  bed. The agglomerations f r o m  t h e  GFETC FBC showed thin films o f  
Na SO CaSOq, and Na Ca(S0 ) s u r r o u n d i n g  a layer o f  complex silicates ( a  
ty6caP)composit ion i s  11% &a 0, & % g o ,  21% AI 03, 11% CaO, 45% SiO,) w i th  a core 
which is predominant ly AI 6 . No sul fates & re  observed in t h e  agglomerations 
from the  F lu idyne combusto? 87). A calc ium-r ich coating sur rounded a sodium-rich 
layer which in turn contained core material t h a t  was predominant ly S i02  and Al2O3. 

Th is  p re l im inary  evidence suggests t h a t  agglomerates form around part ic les o f  
bed material v ia  reactions w i th  the  inorgan ic  materials in t h e  coal o r  ash, and may 
react f u r the r  w i th  SO o r  SO . Labora tory  invest igat ions o f  t h e  mechanism of 
agglomerate formation ase expec?ed to  p r o v i d e  cont inu ing  s u p p o r t  t o  FBC research. 

Summary 

The resu l ts  presented here exempl i fy t h e  types  o f  b road- rang ing  studies, 
which, it i s  hoped, wi l l  eventual ly p r o v i d e  an extensive data base on  the  or ig in,  
d is t r ibu t ion ,  character ist ics,  and process behavior o f  t he  major inorganic species in 
l ign i tes .  For example, t he  hydrogeochemical h i s to ry  o f  a l ign i te  deposit and the  
mineralogy of  t h e  overburden and underc lay  p lay  an important role in determining 
the  amount and d i s t r i bu t i on  of  sodium in the  l ign i te .  T h a t  sodium may then have a 
detr imental  ef fect  on the  u t i l i za t ion  o f  t he  l ign i te - -  b y  con t r i bu t i ng  to  ash foul ing - 
o r  it may have a beneficial e f fec t - -  by reduc ing  slag viscosi ty in a slagging 
gasi f ier .  Continued research wi l l  allow coal scient ists t o  follow t h e  fa te  of the  
inorganic species f rom t h e  Paleocene epoch t o  tomorrow's synfuels technology. 
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